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MY MISSION STATEMENT FOR THESE LECTURES

» This is a huge topic! It won’t be possible to do anything comprehensive, so I have tried to
curate a selection that highlights the diversity of different astrophysical probes that we
can use to constrain a very broad variety of models of BSM physics

» Astrophysical observations are usually probing lower energy levels than what’s accessible
in terrestrial experiments (major exception: neutrinos!) so I will often embrace a bottom-
up EFT approach and think about difterent dimension four “portals” to BSM physics

» In light of the above, I want to cover ground quickly so we will do things order-of-
magnitude style, in other words 3 = t = 10 and [ won’t commit to any factors of 2

» Similarly, lots of spherical cows everywhere, my goal is to get you thinking about the
concepts and to know where to look if you want to follow things up more in detail

» Let’s have fun with it!
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TOPIC #1: MARE IT

MODEL SYSTEM: STARS AND COMPACT OBJECTS

Key references: Raffelt “Stars as Laboratories for Fundamental Physics”
Maoz “Astrophysics in a Nutshell”



PHOTONS EMERGING FROM THE SUN AFTER ~10K YEARS

“Free streaming”

~ photons travel
to us without
running into
much matter

o “Photosphere”

the “surface” of the sun
-- where the photons

\ we see emerge from
“Random Walk” the sun and start
In the interior of the sun, to “free stream”

photons are constantly
absorbed and scattered by matter



STELLAR CONSTRAINTS ON AXIONS
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STELLAR CONSTRAINTS ON DARK PHOTONS
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Millicharged Fermion

STELLAR CONSTRAINTS ON MILLICHARGE -
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STELLAR SPECTRA
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ECLIPSING BINARIES
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SPECTROSCOPIC BINARY
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BSM EFFECTS ON POST-MAIN SEQUENCE
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Luminosity Function [pc_3 Mgoll]

WHITE DWARF COOLING AND POPULATION
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WHITE DWARF COOLING AND POPULATION
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WHITE DWARF COOLING AND POPULATION
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WHITE DWARF COOLING AND POPULATION
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OTHER WHITE DWARF CONSTRAINTS ON BSM

axion (_unobserved)

MWD

linear polarization

unpolarized light

Dessert, Long, Safdi (2021)
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CORE-COLLAPSE (TYPE I1) SUPERNOVAE

During core collapse, the layers above the core have no support,
so they also plummet downward. \When the core collapse Is
halted by neutron degeneracy pressure, these layers strike the
core and the kinetic energy of infall is converted to thermal
energy increasing the pressure.

This pressure along
with the energy
released from the
collapse of the core
drives a powerful blast
wave outward that
disrupts the outer parts
of the stars completely
(this is an area of active
a - f research).




SUPERNOVA 1287A

» QOccurred in Large Magellanic Cloud
(satellite galaxy of Milky Way) 50 kpc
away

» Neutrino experiments saw “burst” of
20 neutrinos (which is a lot for
neutrinos!)

» Neutrinos preceded the light by a few
hours, dense material surrounding
supernova is optically thick to
photons but not neutrinos
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NEUTRON STAR CONSTRAINTS ON BSM
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LOOKING FOR SOLAR BYPRODUCTS ON EARTH

SOLAR DARK PHOTONS
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SOLAR BASINS OF PARTICLES TRAPPED BY GRAVITY

(not to scale)
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TOPIC #2: BREAK IT

MODEL SYSTEM: GALAXIES AND THE INTERGALACTIC MEDIUM

More in-depth reading: Tracy Slatyer’s TASI notes



NEUTRINOS ARE DIFFICULT
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MENU OF TELESCOPE OPTIONS
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CONSTRAINTS ON WIMP ANNIHILATION TO VISIBLES
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DECAYING DARK MATTER CONSTRAINTS
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CONSTRAINTS ON WIMP ANNIHILATION TO VISIBLES
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PLANCK 2018 CONSTRAINTS ON ANNIHILATION

' My Pann [cm3s™1]

eff

f'

(ov)

m"¢?—
0 ”.‘_,:::‘::_ﬁ. . e+e
‘.‘..,.....- ...... o L
10—23 ‘ﬂa"”" Cralegt” B 5+¢_
Excluded by CMB 7 e )
................. 9
1024 i cc
Fermi/HESS e~ e* | ”
w04 | L= AMS/PAMELA positron fraction [ — w+w-—
- el - Themalcrosssection | __________ i e
26— NG &8
10 AMS anti-proton excess _ — oy
: Fermi Galactic center excess - — hh
10_27 L | | T ™ T
10! 107 103 104
m, [GeV]

based on method from Slatyer (2015a, 2015b)



IGM CONSTRAINTS ON DECAYING DARK MAITER
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TOPIC #3: SHAKE IT

MODEL SYSTEM: DARK MATTER HALOS

More reading: Halo Probes of Dark Matter (Snowmass Solicited White Paper)
facilitated by Keith Bechtol, Simon Birrer, Francis-Yan Cyr-Racine, KS



TYPE OF EFFECT WE CAN STUDY #1: IN SITU
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Drawing by Saniya Heeba & KS
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TYPE OF EFFECT WE CAN STUDY #1: IN SITU

Mocz et al.
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Vogelsberger etal. .

Drawing by Saniya Heeba & KS



Ptotal elaStlc(Xlzut — 100%) Ptotal inela’StiC(Xiiit == 100%) :

TYPE OF EFFECT WE CAN STUDY #1: IN SITU

Mocz et al.
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Ptotal elaStlc(Xlilt T 100%) Ptotal inela’StiC(Xiiit e 100%) :

TYPE OF EFFECT WE CAN STUDY #1: IN SITU

Mocz et al.
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TYPE OF EFFECT WE CAN STUDY #2: AB INITIO

Temperature of universe [eV]
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WHAT ARE SOME CURRENT
TECHNIQUES FOR DETECTING
STRUCTURE ON SMALLER SCALES?




PROBING STRUCTURE WITH THE LYMAN-ALPHA FOREST
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FINDING NEW DWARF GALAXIES
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UNDERSTANDING GALAXY-HALO CONNECTION EMPIRICALLY

1. Resimulate Milky Way-
like halos from large
cosmological volume.

2. Paint satellite galaxies
onto subhalos using
galaxy—halo model.

3. Apply observational
selection functions
based on imaging data.
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0.6

o
F

©
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o
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Markov Chain Monte Carlo

DES PS1

4. Calculate likelihood of
- 4 I Predicted i 1 Predicted
observed satellites |
given galaxy—halo

connection parameters. : [H [H »
. I.;f IIII ’I 115 :;211 | L

Nadler et al. (DES Collaboration 2019)



UNDERSTANDING GALAXY-HALO CONNECTION EMPIRICALLY
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SUBSTRUCTURE CAN BE PROBED WITH GRAVITATIONAL LENSING

» Gravitationally lensed
quasars can appear as
four images surrounding
lens galaxy

» Locations and relative
fluxes of images are
sensitive to substructure
of lens galaxy (second
derivatives of lensing
potential)

quasar seen with Hubble space telescope



EFFECTIVE CUNVERGENCE MAP (HIGH RANKING REALIZATION)
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SIELLAR STREAMS (~100 KNOWN IN MILKY WAY)
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GAIA HAS HELPED US “CLEAN" STREAMS, FUTURE SPECTROSCOPY WITH VIA
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LOOKING AT POWER SPECTRUM RATHER THAN INDIVIDUAL FEATURES
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WHAT KINDS OF BSM PRYSICS CAN WE TEST WITH THIS?

Linear matter power spectrum AZ%(k) = k* Py (k)
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FUZZY DARK MATTER

Mocz et al.
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Photon-baryon fluid
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Photon-baryon fluid
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potential well

dark matter
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DARK MATTER BARYON DRAG
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TESTING DARK MATTER BARYON SCATTERING WITH SUBHALOS AND LYMAN-ALPHA
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VELOCITY EFFECTS ON HALOS (WARM DARK MATTER EXAMPLE)

Image credit: Ben Moore
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DECOUPLING WHILE RELATIVISTIC

3
m, 11 /[ 1T
. . y X X
Warm dark matter initial conditions: Q)(h = — - Freezeout of
94 e V 4 T}, ~ non-relativistic particle
Q
-
. . . . . 2]
> Inspired by neutrino decoupling, this is the formula for any %
. o . o o . <
particle decoupling while relativistic %
Q
» Temperature ratio determined via entropy considerations, e | eq

degrees of freedom in the bath S,

m time

» For 5 keV-scale DM, there needs to be ~10,000 thermal
degrees of freedom to dilute the temperature! This
benchmark model is probably not to be taken too literally

(not a good idea to directly apply limits)

From Tongyan’'s TASI lectures

» Most analogous models are sterile neutrinos, subject to
updated structure formation & x-ray constraints



sin®(26)

Sterile Neutrino WDM

L MW Satellites
- X-ray Bounds === SDSS + Classical
‘ - DES + PS1

Interpretation of 3.5 keV line
(Boyarsky et al. 2014)

i \WL\JD‘%\
0.5 1 D 10 H0 100
ms |keV]

DES collaboration (Nadler et al. 2020)



